Ca 2+ uptake remained unchanged. Moreover Bcl-2 overexpression also protected against inhibition of CCE. I Cl(Ca) was similar in Bcl-2-overexpressing and control oocytes when intracellular Ca 2+ store depletion was induced by microinjection of inositol 1,4,5-trisphosphate (InsP 3 ) and other means and when CCE was induced by means independent of SERCA inhibition. Our data indicate that Bcl-2 aects neither the InsP 3 receptor nor Ca 2+ entry itself. At the end of a 24-h period after progesterone addition to the medium, only 25% of Bcl-2-overexpressing oocytes had matured compared to 85% of control oocytes. Our data suggest that SERCA participates in Xenopus oocyte maturation by controlling cytosolic Ca 
Introduction
In Xenopus laevis oocytes, an increase in cytosolic Ca 2+ above basal levels is a requirement for progesteroneinduced maturation (Han and Lee, 1995) . Therefore it is not surprising that the number of Ca 2+ release channels (InsP 3 R [inositol 1,4,5-trisphosphate receptor]) present in oocytes plays an important role in controlling maturation rate (Kobrinsky et al., 1995 (Kobrinsky et al., , 1999 . Maturation of stage VI oocytes is initiated when progesterone releases their arrest in prophase at the G2/M boundary of the ®rst meiotic cell division and proceeds until oocytes are arrested again in the second meiotic metaphase just prior to fertilization (Matten and Vande Woude, 1994) . Stage VI oocytes thus provide a useful system for studying meiotic cell cycle control and, moreover, are used extensively as a heterologous expression system for studying InsP 3 R and other ion channels.
Unlike InsP 3 R, the role of SERCA [sarcoplasmic/ endoplasmic reticulum Ca
2+
-ATPase] in oocyte maturation remains largely unexplored. A transient increase in cytoplasmic Ca 2+ may be produced pharmacologically as a result of selective SERCA inhibition by Tg [thapsigargin] , a plant-derived sesquiterpene lactone (Thastrup et al., 1990; Kijima et al., 1991; Sagara et al., 1992; Zhong and Inesi, 1998) . Tg fully inhibits the enzyme in both the forward and reverse modes, leading to unidirectional Ca 2+ eux from intracellular stores by an unknown route. Emptying of intracellular Ca 2+ stores activates the CCE [capacitative Ca
2+ entry] pathway (Petersen and Berridge, 1994) . CCE can be demonstrated by application of a brief pulse of extracellular Ca
, which enters the cell and activates a Ca 2+ -activated Cl 7 channel. Current across this channel (I Cl(Ca) ) can readily be monitored in oocytes and serves as both an indicator of Ca 2+ store depletion and a sensor of cytosolic Ca 2+ concentration in the vicinity of the Cl 7 channels. Physiologically induced Ca 2+ store depletion occurs as a result of InsP 3 R activation via the phosphoinositide signaling pathway. For instance in Xenopus oocytes, activation of endogenous surface receptors for lysophosphatidic acid leads to the production of InsP 3 [inositol 1,4,5-trisphosphate] (Durieux et al., 1992). The phosphoinositide pathway can also be activated by acetylcholine in oocytes expressing muscarinic receptors (Choi et al., 1993; Stehno-Bittel et al., 1995) . Physiological Ca 2+ store depletion is evidenced by an increase in I Cl(Ca) during the ®rst 5 to 8 h following progesterone stimulation of oocytes and ceases after germinal vesicle breakdown (Vilain et al., 1989) .
Tg has been shown to produce apoptosis in numerous cell types, yet overexpression of Bcl-2 protects against Tg-induced apoptosis (Bay et al., 1993; Lam et al., 1994; Zhu and Loh, 1995; Bian et al., 1997; Wei et al., 1998) . Bcl-2 is a 26-kDa integral membrane protein found in mitochondria, outer nuclear membrane, and ER [endoplasmic reticulum] (Newton and Strasser, 1998) . The mechanism by which Bcl-2 produces its anti-apoptotic eects remains unclear, although considerable evidence indicates an important role of mitochondria in this respect. Certain death stimuli are thought to target the mitochondria to cause release of cytochrome c and subsequent procaspase and endonuclease activation (Kroemer, 1999) . Bcl-2's anti-apoptotic action may be related to its ability to antagonize cytochrome c release.
Another proposed mechanism by which Bcl-2 may produce its eects is through a direct or indirect interaction with SERCA (Lam et al., 1994; Kuo et al., 1998) . Bcl-2 overexpression has been reported to increase SERCA expression and thus ER Ca 2+ content (Lam et al., 1994; He et al., 1997) . Recently reported evidence supports the existence of a Bcl-2-sensitive communication between the ER and mitochondria that involves Ca 2+ and may aect sensitivity to apoptosis Hacki et al., 2000) . In addition to its anti-apoptotic function, Bcl-2 has been implicated in the regulation of cell cycle progression at both the G1 to S transition (Vairo et al., 1996) and the G2/M phases of the mitotic cell cycle (Furukawa et al., 2000) .
In the present communication, we present evidence for (i) a relationship between progesterone-induced oocyte maturation and CCE and/or SERCA function and (ii) an inhibition of maturation by Bcl-2, which is shown to inhibit Tg-induced CCE and to protect against Tg inhibition of SERCA.
Results

Depletion of Ca
2+ pools by Tg increases CCE and accelerates oocyte maturation
To investigate the role of SERCA in producing Ca 2+ dependent changes in oocyte maturation, stage VI oocytes were incubated for 4 h in the presence of 1 mM EGTA [ethylene glycol-bis (b-aminoethyl ether) N, N, N' N'-tetraacetic acid] and the SERCA inhibitor Tg (1 mM) in order to promote CCE upon simultaneous addition of 2 mM CaCl 2 and 10 mg/ml progesterone to the medium (Figure 1 ). Under these conditions the number of mature oocytes increased progressively with time: 50% had matured by about 2.5 h and 100% by 5 h. When Mn 2+ (1 mM MnCl 2 ), a known inhibitor of CCE (Petersen and Berridge, 1994) , was included together with the CaCl 2 and progesterone, the rate of maturation decreased considerably: 4.8 h were required for 50% maturation and 7 h for 100% maturation. When the 4-h pretreatment was carried out in the absence of Tg, the same prolonged time course was observed. These results indicate that by controlling cytosolic Ca 2+ levels and/or ER Ca 2+ stores and hence CCE, SERCA plays a direct or indirect role in the meiotic cell cycle.
Bcl-2 interferes with Tg-induced CCE in Xenopus oocytes
In view of Bcl-2's known protective eect against Tginduced apoptosis (Lam et al., 1994; Zhu and Loh, 1995; Bian et al., 1997) , we then determined the eect of Bcl-2 overexpression on Tg-induced CCE in oocytes. Immunoblot analysis of intracellular membranes obtained from Xenopus laevis oocytes showed an increasing level of expression of 26 kDa Bcl-2 protein when sampled 2, 3 and 6 days after microinjection of Bcl-2 cRNA; Bcl-2 was undetectable in membranes prepared from control oocytes injected with water ( Figure 2a) .
To induce CCE, on the ®fth day after injection Bcl-2-overexpressing and control oocytes were incubated for 4 h in Ca
2+
-free ND96 solution containing 1 mM Tg Figure 1 Eect of CCE on progesterone-induced maturation in Xenopus oocytes. Oocytes were divided into three groups of 30. Two of the groups were incubated for 4 h in calcium-free ND96 solution containing 1 mM EGTA and 1 mM Tg (*, *) in order to deplete endogenous ER stores of Ca
. The third group was treated similarly except that Tg was omitted from the medium, which contained additionally the vehicle only (0.1% DMSO) (!). At time zero, 10 mg/ml progesterone was added together with either 2 mM CaCl 2 (*,!) or both 2 mM CaCl 2 and 1 mM MnCl 2 (*) in ND96 solution. Shown on the y axis is the percentage of oocytes that had matured at each hour using as a criterion the appearance of a white spot at the animal pole (Kobrinsky et al., 1995) . Data points represent means+s.e.m. of three independent experiments and 1 mM EGTA. In control oocytes, extracellular application of 2 mM CaCl 2 activated CCE resulting in an increase in plasma membrane Mn 2+ -sensitive Ca 2+ permeability and a rise in cytoplasmic Ca 2+ as detected by an increase in I Cl(Ca) (Figure 2b ). However in oocytes overexpressing Bcl-2, the same protocol greatly reduced CCE. In initial experiments (data not shown), no dierences were found in measurements carried out 3 ± 6 days after Bcl-2 cRNA injection, thus a maximal eect had been achieved by day 3. Subsequent experiments were carried out 3 ± 5 days after Bcl-2 cRNA injection.
The effect of Bcl-2 on CCE is the result of an effect on SERCA, not on InsP 3 R or Ca-entry release was activated using three methods (Durieux et al., 1992) : (i) InsP 3 (1 mM) injection; (ii) application of 2 mM lysophosphatidic acid; and (iii) application of 1 mM acetylcholine in oocytes co-expressing M1 muscarinic receptors and Bcl-2. A typical tracing obtained in the latter type of experiment is shown in Figure 3 . Application of acetylcholine produced a similar increase in I Cl(Ca) in the Bcl-2 overexpressing and control (wild-type) oocytes (arrow A1 in the ®gure). In fact, Bcl-2 failed to produce a statistically signi®cant eect on InsP 3 -induced Ca 2+ release regardless of which of the three above-cited methods was used to induce the release (Table 1) .
To determine whether the dierence in CCE between Bcl-2-overexpressing and control oocytes was due to a direct eect on the Ca 2+ entry pathway, we measured endogenous I Cl(Ca) induced by application of 2 mM extracellular CaCl 2 2 min after the application of lysophosphatidic acid or acetylcholine. Again, no signi®cant dierence in I Cl(Ca) was detected in Bcl-2-overexpressing and control oocytes under these conditions (arrow A2 in Figure 3 ; Table 1 ). In sharp contrast, however, there was a marked inhibition of CCE induced by Ca 2+ store depletion with Tg in Bcl-2-overexpressing oocytes: I Cl(Ca) reached only 19% of the current observed in control oocytes (Table 1 ). These data indicate that Bcl-2 has no direct eect on InsP 3 R or the CCE pathway in Xenopus oocytes.
We then determined whether Bcl-2 could in¯uence SERCA activity by assaying oxalate facilitated Ca 2+ uptake in microsomes prepared from Bcl-2-overexpressing oocytes and control oocytes microinjected with sterile water. No signi®cant dierence in Ca 2+ uptake was detectable in the two types of microsomes when -activated Cl 7 current induced by 1 mM acetylcholine. The M1 receptor was expressed in either oocytes coexpressing Bcl-2 or control oocytes injected with water. Oocytes were incubated in calcium-free ND96 solution containing 1 mM EGTA. Acetylcholine was added at A1 and 2 min later at A2, a 20-s pulse of 2 mM CaCl 2 in ND96 solution was applied. Maximum Ca
-activated Cl 7 current in response to the additions at A1 and A2 was 1400 and 180 nA, respectively, in control oocytes and 1250 and 150 nA, respectively, in Bcl-2 overexpressing oocytes. Additional similar experiments and statistical analyses are presented in Table 1 . The horizontal and vertical scale bars represent 15 s and 100 nA, respectively assayed under our standard conditions ( Figure 4 ). In control microsomes, Ca 2+ uptake was essentially fully inhibited by 0.1 mM Tg (inhibition 97+3%), but in microsomes prepared from Bcl-2-overexpressing oocytes, the inhibition was only partial (41+8%, n=5, P50.01). Higher Tg concentrations (0.2 and 1 mM) failed to produce a further increase in Ca 2+ pump inhibition (data not shown). A possible explanation for these results is Bcl-2-dependent desensitization of SERCA to inhibition by Tg and hence inadequate depletion of intracellular Ca 2+ stores for triggering CCE, as discussed further under Discussion.
To identify the regions of Bcl-2 responsible for the apparent desensitization of SERCA to Tg inhibition, Bcl-2 deletion mutants D12, D13 and D1 (see Materials and methods) were expressed in oocytes and reached similar expression levels ( Figure 5a ). Deletion of the transmembrane region (mutant D13) failed to reduce the ability of wild-type Bcl-2 to desensitize SERCA to Tg (Figure 5b and c): CCE was greatly reduced and there was only a 17+13% inhibition of microsomal Ca 2+ uptake by Tg (0.1 mM, n=3) compared to the virtually complete inhibition in wild-type oocytes. Mutant D12 containing a deletion of the cytoplasmic Bcl-2 homology domain (BH)2 also retained the ability to desensitize SERCA to Tg: CCE was greatly reduced and Tg (0.1 mM) inhibited microsomal Ca 2+ uptake by only 33+16% (n=3).
However deletion of the cytoplasmic BH4 domain, which is required for antiapoptotic activity of Bcl-2 (Hunter et al., 1996) , resulted in a mutant Bcl-2 (D1) that failed to desensitize SERCA to inhibition by Tg :
2+ uptake by 95+1% in oocytes overexpressing mutant D1. These data indicate that amino acid residues 6-31 are required for desensitization of SERCA to Tg. The existence of a leak current prevented measurement of CCE in the D1 mutant.
Bcl-2 inhibits oocyte maturation
As Bcl-2 produced a marked inhibition of Tg-induced CCE but not of InsP 3 -induced CCE (Table 1) , one might predict that Bcl-2 inhibits oocyte maturation if SERCA is involved in producing the required increase in cytosolic Ca 2+ (Han and Lee, 1995) . When oocyte maturation was compared in Bcl-2-overexpressing and control oocytes after a 24-h period following progesterone addition, it was found that only 26+2% of the Bcl-2-overexpressing oocytes had matured (P50.002) ( Figure 6 ). Loss of viability of some oocytes in culture conditions over a 5-day period could contribute to the fact that maturation of control oocytes was somewhat less than 100%. Clearly overexpression of Bcl-2 interfered with Xenopus oocyte maturation. One explanation is a complete block of maturation, in which case, a below-threshold level of Bcl-2 cRNA expression may account for the persistence of a low level of maturation.
SERCA is phosphorylated during progesterone-induced maturation
The foregoing data suggest a role of SERCA in oocyte maturation, perhaps by promoting increased levels of cytoplasmic Ca 2+ and activation of critical Ca 2+ - (26) I Cl(Ca) was used to monitor intracellular Ca 2+ release in response to microinjection of 1 mM InsP 3 or application of 2 mM lysophosphatidic acid in control (water injected) and Bcl-2-overexpressing oocytes, or application of 1 mM acetylcholine in control and Bcl-2-overexpressing oocytes both sets expressing M1 muscarinic receptor. In each case oocytes were maintained in Ca 2+ -free ND96 solution containing 1 mM EGTA. I Cl(Ca) was also used to detect the increase in cytosolic Ca 2+ as a result of CCE upon a 20-s application of 2 mM CaCl 2 2 min after the depletion of intracellular Ca 2+ stores by Lysophosphatic acid or acetylcholine or, using dierent oocytes, upon a 20-s application of 2 mM CaCl 2 following Ca 2+ store depletion by a 4-h treatment in 1 mM EGTA and 1 mM Tg. Values are the means+s.e.m. with the number of oocytes tested shown in parentheses. Typical recordings obtained with Tg and acetylcholine are shown in Figures 2a and 3 , respectively. *P50.001 using Student's t-test Figure 4 Ca 2+ uptake in microsomes prepared from Bcl-2-overexpressing and control oocytes. Ca 2+ uptake was assayed in the presence and absence of 0.1 mM Tg in microsomes prepared from oocytes that had been injected with either water (control) or wild-type Bcl-2 cRNA. Symbols represent means+s.e.m. of four independent experiments dependent enzymes such as Ca 2+ -dependent kinases or phosphatases. Because, as some evidence suggests (Xu and Narayanan, 2000) , SERCA activity may be modulated by covalent phosphorylation, we examined whether progesterone-dependent protein kinase-catalyzed 32 P i incorporation into SERCA can be detected. Progesterone treatment (10 mg ml) of oocytes resulted in increased 32 P i incorporation into a band on the gel corresponding to a protein of about 112 kDa (Figure 7a ). When the nitrocellulose membrane used for the autoradiogram was then probed with anti-SERCA2 monoclonal antibody, a single band was seen corresponding to the radiolabeled band observed on the autoradiogram. The faint band seen in the track corresponding to the non-progesterone-treated oocytes may be due to spontaneous maturation.
The identity of the radiolabeled band on the Western blot was con®rmed on the basis of the ability of SERCA to form a Ca Further evidence for protein kinase-catalyzed phosphorylation of SERCA2 during progesterone-induced oocyte maturation was obtained by overexpressing rat SERCAs 2a and 2b in oocytes and on the sixth day after injection, treating the oocytes with progesterone. Radiolabeling was clearly seen in the region on the nitrocellulose membrane corresponding to the two SERCA2 isoforms when oocytes had been incubated with progesterone but not in its absence. Trailing of radioactivity on the gel precluded longer ®lm exposure times and hence, unlike the autoradiogram seen in Figure 7a , no radiolabeled band attributable to endogenous SERCA2 was visible in the progesteronetreated oocytes. Thus the identity of the radiolabeled protein observed in Figure 7a was established as SERCA2 on the basis of its electrophoretic mobility compared to protein molecular weight standards, its recognition by an anti-SERCA2 monoclonal antibody that recognized only a single protein on the gel, and its ability to form an acylphosphoprotein intermediate when incubated in the presence of ATP and Ca See text for additional details. Asterisks denote a P level 50.05 compared to oocytes injected with water (no Bcl-2) using Student's t-test Figure 6 Eect of Bcl-2 expression on oocyte maturation. Oocytes were injected with either Bcl-2 cRNA or water (no Bcl-2) and on the ®fth day after injection, oocytes were incubated in the presence of 10 mg/ml progesterone. Shown is the percentage of oocytes that had matured over a 24-h period out of a total of 30 oocytes in each group. Oocyte maturation was scored by the appearance of a white spot at the animal pole. Values represent means+s.e.m. The dierence between the two means is signi®cant at the P50.002 level when tested by Student's t-test Bcl-2 protects against Tg inhibition of SERCA and Tginduced CCE, and blocks oocyte maturation (Table 1, Figures 2, 4 , and 5); and (iii) SERCA is phosphorylated in a protein kinase-catalyzed reaction during progesterone-induced maturation (Figure 7) . The Bcl-2-dependent inhibition of Tg-induced CCE in Xenopus oocytes can be explained by the ability of Bcl-2 to protect intracellular Ca 2+ pools against depletion by Tg and constitutes strong evidence of a functional interaction between SERCA and Bcl-2. We have identi®ed the cytosolic BH4 domain as a region of the Bcl-2 molecule critical for SERCA desensitization to Tg (Figure 5 ). The same domain has previously been implicated in the antiapoptotic function of Bcl-2 in activated T-cells in which Bcl-2 sequesters active calcineurin to the BH4 domain and thereby blocks nuclear translocation of a transcription factor required for induction of interleukin-2 expression (Shibasaki et al., 1997) .
The literature on the cellular mechanism of action of ER-localized Bcl-2 remains controversial. A number of studies have provided evidence of reduced loading of intracellular stores in Bcl-2-overexpressing cells and attributed this to an increase in Ca 2+ eux (Pinton et al., 2000; Foyouzi-Yousse® et al., 2000) . Ion channelforming ability of Bcl-2 predicted on the basis of structural modeling studies was proposed as a possible mechanism for the increased Ca 2+ eux. An inhibition of CCE by Bcl-2 overexpression in HeLa cells was attributed to compensatory adaptation to chronically reduced intracellular Ca 2+ stores, which, together with an increase in Ca 2+ eux, was suggested to account for an observed lack of change in cytosolic Ca 2+ concentration (Pinton et al., 2000) . These results are inconsistent with previous reports of increased loading of ER stores due to increased SERCA expression with Bcl-2 overexpression in breast epithelial and lymphoma cells (He et al., 1997; Kuo et al., 1998 . Also in our own study, the lack of a statistically signi®cant dierence in Ca 2+ uptake assayed in microsomes prepared from Bcl-2-overexpressing and control oocytes is inconsistent with increased SERCA expression (Figure 4) . The signi®cantly greater Ca 2+ uptake rate exhibited by microsomal vesicles prepared from Bcl-2-overexpressing oocytes compared to control oocytes when assayed in the presence of Tg (Figure 4) can be attributed neither to the plasma membrane Ca 2+ pump, which is insensitive to oxalate (Enouf et al., 1987) , nor to mitochondrial Ca 2+ uptake, which is inhibited by azide. SERCA desensitization to Tg by Bcl-2 could be explained if Bcl-2's cytoplasmic domain of Bcl-2 interferes with access of Tg to its binding site on the pump. In this case, only those SERCA molecules associated with Bcl-2 would be desensitized to Tg and the remainder would be fully inhibited by Tg resulting in an overall partial inhibition, as observed in the present study (Figure 4) . Alternatively, partial desensitization could result from Bcl-2-induced expression of a SERCA isoform that exhibits reduced anity for Tg (Waldron et al., 1995) . One might thus observe a dosedependent increase in Tg inhibition of Ca 2+ uptake. However this was not observed when the Tg concentration was increased from 0.1 to 1 mM although higher concentrations were not tested. In either case, SERCA regulation by Bcl-2 is consistent with protection against a Tg-induced increase in cytosolic Ca 2+ observed in A20 mouse lymphoma cells stably expressing Bcl-2 (see Figure 7b in Foyouzi-Yousse® et al., 2000) and in stably transfected W.Hb12 mouse lymphoma cells expressing high levels of Bcl-2 compared to control cells not expressing Bcl-2, in which Tg produced the expected increase in cytosolic Ca 2+ (Lam et al., 1994) . The Tg binding site on SERCA is sensitive also to cyclopiazonic acid, another SERCA inhibitor and pharmacological inducer of apoptosis in some cell types (Mahaney et al., 1999) . (c) Microsomes were prepared from oocytes overexpressing rat SERCA2a or SERCA2b, and from control oocytes injected with water. Prior to preparation of microsomes, the oocytes were treated as described for panel A. The microsomes were fractionated on a 10 ± 20% polyacrylamide gradient gel and electroblotted onto a nitrocellulose membrane. Shown is the autoradioradiogram (A) of the nitrocellulose membrane. SERCA2 is identi®ed on the basis of its mobility on the gel relative to the protein molecular weight markers and the fact that the radioactive bands shown in the region corresponded to protein recognized by the monoclonal anti-SERCA2 antibody upon Western analysis. Membranes were probed with antibody only after a long enough period of time had elapsed to allow for the complete decay of the radioactivity detected on the autoradiogram The Tg binding site might provide an important means of SERCA regulation involving an unidenti®ed physiological ligand. Or, this site may serve merely as a tool for detecting protein-protein interaction involving one or more other sites on the SERCA protein. For instance, phosphorylation of phospholamban, SER-CA's physiological regulator in the heart, protects the pump against Tg inhibition yet the Tg binding site has not been implicated in the physical interaction between the two proteins (Kijima et al., 1991; Mahaney et al., 1999; Simmerman and Jones, 1998) . The proposed regulation of SERCA by Bcl-2 may be compared to SERCA regulation by phospholamban in a number of respects. Channel-forming ability had been predicted for both phospholamban and Bcl-2 (see above) although a role of channel formation by phospholamban in SERCA regulation has been discounted in more recent studies (Simmerman and Jones, 1998) . Phosphorylated phospholamban has been found in in vitro studies to protect SERCA not just against Tg inhibition but also against inhibition by certain oxidants . Bcl-2 protects against oxidant-induced ER Ca 2+ pool depletion in Bcl-2-expressing W.Hb12 cells but not in control WEHI7.2 cells that express no Bcl-2 ( Distelhorst et al., 1996) . Yet contrary to our present ®ndings, ER Ca 2+ uptake into digitonin-permeabilized W.Hb12 cells was reported not to dier signi®cantly from Ca 2+ uptake in similarly treated WEHI7.2 cells when assayed over a range of Tg concentrations. In digitonin-permeabilized cardiomyocytes, agents known to enhance phosphorylation of phospholamban failed to produce the expected stimulation of SR Ca 2+ uptake (Mattiazzi et al., 1994) . This suggests that digitonin permeabilization of cells may interfere with SERCA regulation by protein ± protein interaction and would explain the lack of dierence in Ca 2+ uptake in the presence of Tg in digitonin-permeabilized WEHI7.2 and W.Hb12 cells.
Our observation of signi®cantly reduced oocyte maturation as a result of Bcl-2 overexpression is consistent with the ®nding of Bcl-2-dependent accumulation of cells in the human promyelocytic leukemia cell line HL-60 in the G2/M phases of the eukaryotic cell cycle (Furukawa et al., 2000) . In the latter study, the cell cycle inhibitory eect of Bcl-2 was attributed to Bcl-2 phosphorylation by CDC2 kinase. In preliminary studies however, we observed that treatment of microsomes prepared from Bcl-2-overexpressing oocytes with CDC2 kinase, but not protein kinase A, abrogates the protective eect of Bcl-2 against Tg inhibition (Kobrinsky and Kirchberger unpublished observations) although the substrate was not identi®ed. Microinjection of a conserved 16-amino acid sequence of p34cdc2 (CDC2 kinase) called PSTAIRE into star®sh or Xenopus oocytes produces a transient increase in cytosolic Ca 2+ originating from intracellular stores (Picard et al., 1980) and microinjection of CDC2 kinase into oocytes induces I Cl(Ca) (Kobrinsky, unpublished observation) . Our demonstration of SERCA phosphorylation during progesterone-induced maturation ( Figure 7 ) provides further evidence of SERCA's participation in oocyte maturation. An unidenti®ed 105 kDa protein has previously been reported phosphorylated during progesterone-induced Xenopus oocyte maturation (Boyer et al., 1983) and may correspond to the same protein identi®ed as SERCA in our study. SERCA phosphorylation by Ca 2+ / calmodulin-dependent protein kinase II reportedly increases enzyme turnover (V max(Ca) ) (Xu and Narayanan, 2000) , which would serve the same function as increased SERCA expression. In this case enhanced availability of Ca 2+ from intracellular stores as a result of increased enzyme turnover would allow increased cytosolic Ca 2+ hence promote oocyte maturation.
Materials and methods
Oocytes and expression system
Xenopus laevis oocytes in surgically removed ovarian fragments were dissociated by collagenase treatment and maintained at 188C in ND96 solution (96 mM NaCl, 2 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 5 mM HEPES ± NaOH, pH 7.6, 100 U/ml penicillin, and 100 mg/ml streptomycin, as described previously (Kobrinsky et al., 1995) . Human wildtype Bcl-2 cDNA (provided by R Kitsis) and mutant forms of Bcl-2 (Hunter et al., 1996) (cDNA provided by TG Parslow) with deletions of the N-terminus (residues 6 ± 31, mutant D1), the Bcl-2 homology (BH2) domain (residues 188 ± 203, mutant D12), and the transmembrane region (residues 203 ± 239, mutant D13) were subcloned into the EcoRI and PstI sites of the pGEMHE vector (Stratagene, La Jolla, CA, USA). Bcl-2 cRNA was transcribed from cDNA by T7 polymerase (Ambion In Vitro mMessage mMachine kit, Austin, TX, USA). M1 muscarinic receptor cRNA was provided by R Iyengar. cDNA encoding rat SERCA2a and SERCA2b in a Xenopus expression vector (plasmids pHNSERCA2a and pHN-SERCA2b) (Lechleiter et al., 1998) were the gift of P Camacho (University of Texas HSCSA, USA). After initial restriction analysis of the cDNAs using SphI to con®rm the identity of the clone, a midi-prep of cDNA was obtained. Further restriction analysis con®rmed that the plasmid contained the correct cDNA insert between the 5'-and 3'-untranslated regions of Xenopus b-globin. The plasmids were linearized with NotI prior to synthesis of capped mRNA via the T7 promotor using the Ambion transcription kit. RNA fractionation on an agarose gel and in vitro translation followed by gel electrophoresis of the protein product con®rmed the correctness of the cRNA. Oocytes were injected with 50 nl of either in vitro transcribed mRNA or water (control) and cultured for up to 6 days (Kobrinsky et al., 1995) . Maturation assays using progesterone were performed as described previously (Kobrinsky et al., 1995) . Microsomes were isolated from oocytes using a modi®ca-tion of the procedure of Parys et al. (1992) . Brie¯y, cells were homogenized with a glass-Te¯on homogenizer in ice-cold buer A solution containing 10 mM Tris-HCl, pH 7.25, 250 mM sucrose, 1 mM benzamidine, 0.2 mM PMSF [phenylmethylsulphonyl¯uoride], 75 nM aprotinin, 1 mM pepstatin, 10 mM leupeptin, and 1 mM dithiothreitol. The supernatant obtained upon centrifugation of the homogenate at 10006g for 15 min at 2 ± 48C was subsequently centrifuged at 105 0006g for 35 min. The resultant microsomal pellet was suspended in buer A and stored in liquid nitrogen.
Microsomal protein concentration was determined using a modi®ed Lowry assay with bovine serum albumin as the protein standard (Peterson, 1977) .
Electrophysiological measurements
Electrophysiological measurements were performed as described previously (Kobrinsky et al., 1995) . Currents were recorded using a double-microelectrode voltage clamp and a TEV 200 (Dagan) ampli®er (Minneapolis, MN, USA). CCE was activated by applying a short pulse (20 sec) of 2 mM CaCl 2 in ND96 solution after a 4-h incubation of oocytes in calcium-free ND96 solution containing 1 mM Tg and 1 mM EGTA to deplete intracellular Ca 2+ pools (Petersen and Berridge, 1994 , and 0.05 mg/ml microsomal protein to produce a 1 : 20 dilution of buer A in the ®nal reaction mixture (total volume 100 ml). Ca 2+ uptake by any mitochondrial contaminant in the microsome preparation was prevented by the inclusion in the medium of sodium azide and p-tri¯uor-omethoxyphenylhydrazone, potent inhibitors of mitochondrial Ca 2+ uptake. The pH of solutions was adjusted, as necessary, prior to addition to the reaction mixture. Tg, dissolved in DMSO, or vehicle was added at the indicated concentrations. The ®nal concentrations of the DMSO and isopropanol were each 1%. Microsomes were added to the temperature-equilibrated reaction mixture and after 2 min, the Ca 2+ buer was added to start the Ca 2+ uptake reaction. Aliquots were removed for ®ltration at the indicated time intervals and processed as described previously . Oxalate, a Ca 2+ precipitating anion, was included in the reaction mixture to prevent SERCA inhibition by high intravesicular Ca 2+ concentrations. ATP-independent Ca 2+ uptake was assayed similarly except that ATP was omitted from the reaction mixture and the MgCl 2 concentration was reduced to 0.8 mM in order to maintain a similar calculated Mg 2+ concentration. The Ca 2+ uptake rates presented in the text represent the values obtained after correction for ATPindependent Ca 2+ uptake. Reactions were linear with respect to time and protein concentration.
Oocyte phosphorylation
In order to detect protein kinase-catalysed protein phosphorylation during oocyte maturation, two sets, each consisting of 10 oocytes, were ®rst metabolically labeled at 48C for 12 ± 14 h with 0.75 ± 1 mCi 32 P i per ml of ND96 medium. Subsequently oocytes were incubated at room temperature and either 10 mg/ml progesterone in DMSO (0.1 % ®nal concentration) was added to one set and the vehicle alone to the other set. Another two sets of 10 oocytes each were incubated under identical conditions except that 32 P i was omitted in order to determine the extent of oocyte maturation based on the appearance of a white spot at the animal pole indicating germinal vesicle breakdown (Kobrinsky et al., 1995) . This information allowed estimation of the extent of maturation in the radiolabeled oocytes, which could not be safely monitored in the same manner. Seven to 10 h later when 70 ± 100% of the progesterone-treated, non-radiolabeled oocytes had matured, microsomes were prepared from the radiolabeled oocytes. After carefully removing the radiolabeled incubation medium, oocytes were washed ®ve times with 1 ml of ice-cold ND96 solution and ®nally with 0.5 ml of buer A containing 100 mM NaVO 3 and 1 mM ATP. The same buer solution was used also for homogenization. The control oocytes that had been incubated in DMSO alone exhibited 0 ± 30% spontaneous maturation. The freshly prepared microsomes were immediately subjected to gel electrophoresis and electroblotted onto a nitrocellulose membrane (see below). Western blots were developed after having established that the radioactivity in the region of interest was below the detection limit of the ®lm under the conditions utilized for chemiluminescence detection.
To establish the identity of SERCA proteins, enzyme acylphosphoprotein intermediate formation (E 32 P) from [g-32 P]ATP was demonstrated on 7% Laemmli gels after incubation of microsomal membranes in ice in the following reaction mixture: 40 mM histidine-HCl, pH 7.2, 120 mM KCl, 5 mM NaN 3 , 1 mM MgCl 2 , 1.5 mM [g-32 P]ATP (speci®c radioactivity 68 mCi/nmol), and either 11 mM Ca 2+ (maintained with a CaCl 2 -EGTA buer system (Antipenko et al., 1997)) or 5 mM EGTA in a total volume of 100 ml. One min after addition of the [g-32 P]ATP to start the reaction, 1.0 ml of 10% trichloroacetic acid was added. The precipitate was collected by centrifugation and washed once with ice-cold water prior to solubilization in SDS and application to the gel. The dried gel was subjected to autoradiography.
Western blot analysis
Bcl-2 and SERCA expression of in vitro synthesized mRNA and endogenous levels of these proteins in oocyte intracellular membrane (microsomal) preparations were approximated by SDS-polyacrylamide gel electrophoresis and Western blotting on nitrocellulose membranes. Bcl-2 protein was immunoblotted with monoclonal anti-human Bcl-2 antibody (1 : 1000) (PharMingen, San Diego CA, USA), followed by incubation with mouse anti-human immunoglobulin G (Boehringer) (1 : 1000) as the secondary antibody. Endogenous oocyte and in vitro expressed rat SERCA2a and 2b were immunoblotted with monoclonal anti-SERCA2 ATPase antibody (Anity BioReagents, Golden, CO, USA) (1 : 1000); the secondary antibody was anti-mouse immunoglobulin G horseradish peroxidase-linked whole antibody from sheep (Amersham, Arlington Heights, IL, USA) (1 : 1000). Detection was achieved with the enhanced chemiluminescence Western blotting reagents (Amersham).
